Human T-cell leukemia virus type I (HTLV-I) Tax protein persistently stimulates the activity of IkB kinase (IKK), resulting in constitutive activation of the transcription factor NF-kB. Tax activation of IKK requires physical interaction of this viral protein with the IKK regulatory subunit, IKKg. The Tax/IKKg interaction allows Tax to engage the IKK catalytic subunits, IKKa and IKKb, although it remains unclear whether this linker function of IKKg is sucient for supporting the Tax-speci®c IKK activation. To address this question, we have examined the sequences of IKKg required for modulating the Tax/IKK signaling. We demonstrate that when fused to Tax, a small N-terminal fragment of IKKg, containing its minimal IKKa/bbinding domain, is sucient for bringing Tax to and activating the IKK catalytic subunits. Disruption of the IKKa/b-binding activity of this domain abolishes its function in modulating the Tax/IKK signaling. We further demonstrate that direct fusion of Tax to IKKa and IKKb leads to activation of these kinases. These ®ndings suggest that the IKKg-directed Tax/IKK association serves as a molecular trigger for IKK activation. Oncogene (2000) 19, 5198 ± 5203.
The type I human T-cell leukemia virus (HTLV-I) transforms human T cells, which is associated with the development of an acute T-cell malignancy termed adult T-cell leukemia (ATL) (Feuer and Chen, 1992) . HTLV-I encodes a regulatory protein, Tax, which plays a central role in the induction of host cell transformation (Feuer and Chen, 1992) . Tax alters the expression of a large number of cellular genes involved in cell growth and survival, which appears to contribute to the oncogenic action of this viral protein (Green and Chen, 1990; Smith and Greene, 1991) . Lacking DNA binding activity, Tax induces the target genes indirectly by modulating the activity of speci®c host transcription factors (Greene et al., 1989; Smith and Greene, 1991) . Induction of many cellular genes by Tax is mediated through the transcription factor NF-kB (Smith and Greene, 1991) , a key regulator of genes involved in cell activation, proliferation, and survival (for recent reviews see Gerondakis et al., 1998; Ghosh et al., 1998; Siebenlist, 1997) .
In resting T cells, NF-kB is sequestered as an inactive precursor by association with speci®c inhibitors, including IkBa and related proteins (Baldwin, 1996) . Induction of NF-kB nuclear expression by both cellular stimuli and Tax is mediated by activation of a multi-subunit IkB kinase (IKK) (Karin, 1999; Sun and Ballard, 1999) . The IKK complex is composed of two catalytic subunits, IKKa and IKKb (Zandi and Karin, 1999) , and a regulatory subunit termed IKKg (also named NEMO, IKKaP1, or FIP3) Mercurio et al., 1999; Rothwarf et al., 1998; Yamaoka et al., 1998) . Highly puri®ed recombinant IKKa and IKKb can directly phosphorylate IkBa at the appropriate regulatory sites (Lee et al., 1998; Li et al., 1998; Mercurio et al., 1999; Zandi et al., 1998) ; however, formation of the signalresponsive IKK holoenzyme in vivo requires IKKg Mercurio et al., 1999; Rothwarf et al., 1998; Yamaoka et al., 1998) . Precisely how IKKg participates in IKK signaling is unknown, but this regulatory protein may interact with upstream signaling components in response to cellular activation signals (Rothwarf et al., 1998) . The C-terminal region of IKKg, containing a leucine zipper motif, is believed to be critical for responding to cellular IKK activation signals (Mercurio et al., 1999; Rothwarf et al., 1998) .
We and others have recently shown that IKKg physically interacts with Tax and recruits Tax to the IKK catalytic subunits, IKKa and IKKb (Chu et al., 1999; Harhaj and Sun, 1999; Jin et al., 1999) . Tax binds to IKKg via two homologous leucine zipper motifs present in IKKg, and this binding is required for Tax-mediated IKK activation . However, the mechanism underlying the adaptor function of IKKg remains unclear. In this study, we analysed the sequences within IKKg that are required for modulating IKK activation by Tax. We demonstrate that when fused to Tax, a small N-terminal fragment of IKKg, containing its minimal IKKa/bbinding domain, is sucient for bringing Tax to and activating IKK. Interestingly, direct linkage of Tax to the IKK catalytic subunits also results in activation of these kinases. These ®ndings suggest that the IKKgdirected Tax/IKK association serves as a mechanism for IKK activation.
The C-terminal effector region of IKKg is required for kb activation by both mitogens and Tax but is dispensable for the Tax-specific NF-kB signaling when IKKg is physically linked to Tax
The C-terminal region of IKKg has been proposed to function as an eector domain in modulating IKK Oncogene (2000) 19, 5198 ± 5203 ã 2000 Macmillan Publishers Ltd All rights reserved 0950 ± 9232/00 $15.00 www.nature.com/onc activation by cytokines and mitogens (Mercurio et al., 1999; Rothwarf et al., 1998) . To better understand the mechanism by which IKKg modulates the Tax-speci®c IKK activation, IKKg mutants harboring progressive C-terminal truncations were subjected to reporter gene assays to determine their function in modulating Taxstimulated NF-kB activation. For these studies, we took advantage of an IKKg-de®cient Jurkat T-cell line (JM4.5.2) recently isolated in our laboratory . These JM4.5.2 cells have a blockade in kB activation by both T-cell mitogens and Tax but remain competent in Tax-mediated transactivation of HTLV-I LTR. As expected, the NF-kB signaling defect in JM4.5.2 cells could be rescued by expression of exogenous IKKg (Figure 1a,b, column 3) . Further, the modulator function of IKKg in mitogen-stimulated cells was completely lost when 100 (Figure 1a , column 4) or more (columns 5 and 6) amino acids were deleted from its C-terminus. One of the IKKg mutants (1 ± 206) was also inactive in supporting Tax-mediated kB activation ( Figure 1b , column 6), although the other two (1 ± 312 and 1 ± 255) exhibited moderate signaling function in the Tax-expressing cells (Figure 1b , columns 4 and 5). These results suggest that the Cterminal region of IKKg is important for modulating both the cellular and Tax-initiated NF-kB-inducing signals.
We have previously shown that the C-terminal region of IKKg is involved in its association with Tax (Harhaj and Sun, 1999; Xiao et al., 2000) . Both IKKg(1 ± 312) and IKKg(1 ± 255) exhibit only a weak Tax-binding activity (Harhaj and Sun, 1999) , while IKKg(1 ± 206) and the IKKg mutants containing shorter N-terminal sequences completely defective in this molecular interaction (Harhaj and Sun, 1999 , data not shown). Thus, the functional phenotypes of the IKKg mutants in modulating the Tax signal seem to be correlated with their ability to bind Tax. What remained unclear, however, was whether the Cterminal domain of IKKg was also required for stimulating the catalytic activity of IKKa/IKKb after forming the IKKg/Tax complex. To address this question, we fused the IKKg mutants to Tax to rescue their defects in Tax binding and examined their function in kB-reporter activation. Interestingly, when fused to Tax, all these C-terminal truncation mutants of IKKg became functionally competent in triggering NF-kB signaling (Figure 1b , columns 7 and 8 and data not shown). In parallel to the reporter gene assays, the function of the IKKg and IKKg-Tax proteins was examined by protein kinase assays. For this study, we utilized the human kidney carcinoma 293 cells, since the JM4.5.2 cells were technically dicult for high level transfection required for the kinase assays. The 293 cells express signi®cantly lower amount of endogenous IKKg compared to wild type Jurkat T cells (data not shown). As previously reported (Harhaj and Sun, 1999) , Tax was inecient in activating IKKa/IKKb when these kinases were expressed at low levels in 293 cells ( Figure 1c , lane 1). However, coexpression of wild type IKKg allowed Tax to potently stimulate the IKK activity (lane 2). IKKg alone did not cause a signi®cant IKK activation (data not shown). Furthermore, consistent with the reporter gene assays, while IKKg(1 ± 255) and IKKg(1 ± 206) exhibited a low or no modulatory function (lanes 3 and 4), they both became fully active when fused to Tax (lanes 5 and 6). Immunoblotting assays revealed that the dierent forms of IKKg proteins and the Tax-IKKg fusion ) were transfected using DEAE-dextran (Holbrook et al., 1987) with 0.2 mg of a kB-driven luciferase reporter (kB-luc) together with cDNA expression vectors (0.1 mg) encoding wild type or mutant forms of IKKg. The IKKg mutants were designated by the speci®c amino acid residues retained in the mutant proteins; for example, IKKg(1 ± 206) contains the N-terminal 206 amino acids of IKKg. At 40 h post transfection, the recipient cells were either not treated or stimulated for 8 h with PMA (10 ng/ml) plus ionomycin (1 mM) and then subjected to extract preparation using a reporter lysis buer (Luciferase reagent, Promega) at about 80 ml per 10 6 wells. Luciferase activity was detected by mixing 5 ml extract with 25 ml luciferase substrate (Promega) and measured with a luminometer. Luciferase activity is presented as fold induction relative to the basal level measured in unstimulated cells transfected with the empty vector. The values shown in this and subsequent ®gures are means+standard errors from three independent experiments. (b) Reporter gene assays to determine the activation of kB enhancer by Tax. JM4.5.2 cells were transfected with the indicated IKKg mutants (0.1 mg) together with Tax (1 mg) or their fusion proteins (0.4 mg), along with the kB-Luc. Luciferase activity was determined and presented as in a. (c) In vitro kinase assays to determine the activation of IKKs. 293 cells were transfected in 6-well plates (1610 5 cells/well) with Tax (0.1 mg) together with the indicated IKKg constructs (10 ng) or with IKKg-Tax fusion proteins (0.1 mg). The cells were also transfected with expression vectors for HA-IKKa and HA-IKKb (10 ng each). Cell lysates were subjected to immunoprecipitation (IP) using anti-HA (Boehringer Mannheim), and the IKK kinase activity was determined using GST-IkBa(1 ± 54) as substrate (Uhlik et al., 1998) . (d) Immunoblotting assays to determine the expression levels of IKKg and its truncation mutants. 293 cells were transfected with the indicated HA-tagged IKKg constructs (0.1 mg) followed by immunoblotting analysis using anti-HA proteins were expressed at comparable levels ( Figures  1d and 2a) . Together, these results suggest that the Cterminal eector region of IKKg is involved Tax binding but is not required for IKK activation by the IKKg-Tax fusion proteins.
The IKKa/b-binding domain of IKKg is both required and sufficient for modulating the Tax-specific NF-kB signaling
We next investigated the role of the N-terminal function of IKKg in the Tax/NF-kB signaling. In this regard, we and others have previously shown that the N-terminal region of IKKg is involved in binding to the IKK catalytic subjects, IKKa and IKKb (Harhaj and Sun, 1999; Mercurio et al., 1999) . Consistently, a fusion protein containing an N-terminal truncation mutant of IKKg and Tax {IKKg(151 ± 412)-Tax} failed to associate with IKKb or IKKa (Figure 2a, upper panel, lanes 2  and 6) . In sharp contrast, the Tax fusion proteins contained the C-terminal truncation mutants of IKKg eciently associated with both IKKb (lanes 3 and 4) and IKKa (lanes 7 and 8). Luciferase reporter gene assays revealed that the IKKg(151 ± 412) was unable to support Tax-mediated kB activation when coexpressed with Tax ( Figure 2b , column 2) or expressed as a fusion protein with Tax (column 3), while the IKKg(1 ± 206)-Tax fusion protein stimulated high levels of kB activity (column 4). Similar results were obtained on activation of IKK by protein kinase assays (data not shown). Thus, both the IKKg/Tax interaction and the subsequent recruitment of Tax to IKKa/b appear to be essential for Tax-mediated IKK activation.
The data presented above raises the possibility that recruitment of Tax to IKKa/b is sucient to activate these kinases in the absence of a functional IKKg. To further investigate this possibility, we fused Tax to a small fragment of IKKg containing its N-terminal 120 amino acids {IKKg(1 ± 120)}. This region of IKKg does not bind to Tax but eciently interacts with IKKa and IKKb (Harhaj and Sun, 1999) . Moreover, a shorter IKKg mutant, IKKg(1 ± 112), is incapable of binding to IKK catalytic subunits (Harhaj and Sun, 1999) , suggesting that the N-terminal 120 amino acids of IKKg form its minimal IKKa/b-binding domain. Consistent with these previous ®ndings, the IKKg(1 ± 120)-Tax chimera, but not the IKKg(1 ± 112)-Tax chimera, was able to bind IKKa (Figure 3a , upper panel, lanes 2 and 3) and IKKb (lanes 5 and 6). The IKK-stimulating function of these chimeric proteins was assessed by immunecomplex kinase assays ( Figure 3b ). As expected, Tax alone was inecient to stimulate the activity of IKKa (lane 2) or IKKb (lane 8) when low levels of IKKs were expressed, while the IKKs were potently activated by Tax in the presence of wild type IKKg (lanes 3 and 9). More importantly, although IKKg(1 ± 120) could not support Tax-mediated IKK activation in trans, fusion of this IKKa/b-binding domain to Tax generated a potent IKK stimulator {IKKg(1 ± 120)-Tax, Figure 3b , lanes 5 and 11)}. In contrast, the IKKg(1 ± 112)-Tax chimera, which was defective in IKKa/b binding, was unable to activate the IKKs (lanes 6 and 12). To further validate these in vitro kinase assay results, we performed an in vivo IkBa phosphorylation assay based on the band shift of phosphorylated IkBa in SDS gels. These in vivo kinase Figure 1b , with expression vectors encoding Tax or the indicated IKKg-Tax fusion proteins, along with kB-Luc. Luciferase activity was determined and presented as in Figure 1a assays recapitulated the results obtained from the in vitro kinase assays (Figure 3c and data not shown). Furthermore, we observed that the activation of IKKa was associated with its hyper phosphorylation ( Figure  3c , lanes 4 and 6, IKKa-P). Similar results were obtained with IKKb (data not shown).
We then extended these functional assays by performing luciferase reporter gene assays using the IKKgde®cient JM4.5.2 cells. As shown in Figure 3d , while Tax alone or together with coexpressed IKKg N-terminal fragments failed to activate the kB enhancer (Figure 3d , columns 2 ± 4), the IKKg(1 ± 120)-Tax, but not IKKg(1 ± 112)-Tax, fusion protein potently induced the kBdependent luciferase expression (column 5). Together, these results strongly suggest that the IKKa/b-binding domain of IKKg is both required and sucient for modulating the Tax-speci®c IKK activation.
Fusion of Tax to IKKa and IKKb induces the activity of these IkB kinases
To further con®rm our hypothesis that recruitment of Tax to IKKa/b serves as a molecular trigger for activation of these kinases, we directly fused Tax to IKKa and IKKb and determined the eect of this physical linkage on the signaling activity of these IKK components. We ®rst examined the ability of the IKKTax fusion proteins in stimulating the kB reporter in the IKKg-de®cient T cells. As we previously reported , expression of IKKa and IKKb, either alone or together with Tax, only resulted in a low level of kB activation in the JM4.5.2 cells ( Figure  4a , columns 2 ± 9). However, the IKKa-Tax and IKKbTax fusion proteins signi®cantly stimulated the kB enhancer (columns 10 ± 15). This result suggested that fusion of Tax to IKKs was sucient to stimulate the activity of these kinases. In a parallel assay, we found that fusion of a Tax mutant, M22, to IKKb was unable to activate the kB reporter (columns 16 and 17). A similar result was obtained with a fusion protein composed of IKKb and a C-terminal truncation mutant of Tax, Tax(1 ± 214) (columns 18 and 19). Thus, the stimulatory eect of Tax on IKK appears to be speci®c.
As an extension to these functional studies, in vivo IkBa phosphorylation assays were used to examine the kinase activity of the IKK-Tax chimeras. Tax did not In vitro kinase assays. 293 cells were transfected (in 6-well plates) with Tax together with the indicated IKKg mutants or the IKKg-Tax chimeras, along with HA-IKKa or HA-IKKb. The IKKs were isolated by IP with anti-HA followed by in vitro kinase assays using GST-IkBa(1 ± 54) as substrate (upper and middle panels). The phosphorylated substrate (IkBa-P) and autophosphorylated IKKa and IKKb (IKKa-P and IKKb-P) are indicated. After autoradiography, the ®lter was subjected to immunoblotting using anti-HA to monitor the level of IKK proteins (lower panel). (c) Immunoblotting assays to determine the in vivo activity of IKKa. 293 cells were transfected (in 24-well plates) with the indicated expression vectors. Whole-cell extracts were subjected to immunoblotting using anti-HA. The basal and phosphorylated IkBa (IkBa and IkBa-P) and IKKa (IKKa and IKKa-P) are indicated. A nonspeci®c band is indicated by ns. (d) Activation of kB enhancer by IKKg-Tax fusion proteins. JM4.5.2 T cells were transfected with the indicated IKKg expression vectors together with Tax or the indicated IKKg-Tax fusion constructs, along with the kB-Luc. Luciferase activity was determined and presented as in Figure 1a appreciably activate IKKa or IKKb when these proteins were coexpressed at low levels ( Figure 4b , lanes 2 and 12). Higher levels of expression of the IKKs and Tax led to a moderate IkBa phosphorylation (lanes 3, 4, 13 and 14) . However, the IKKa-Tax and IKKb-Tax fusion proteins exhibited remarkably higher kinase activity (lanes 5 ± 9 and 15 ± 19). The kinase activity was speci®c since these fusion proteins did not phosphorylate the IkBa mutant harboring serine to alanine mutations at its phosphorylation sites (IkBaM, lanes 10 and 20). Further, the IkBa phosphorylation, induced by the IKK-Tax chimeras, was associated with degradation of this inhibitor (lanes 5 ± 8 and 15 ± 18), which could be inhibited by a proteasome inhibitor, MG132 (lanes 9 and 19). Together, these results suggest that fusion of Tax to IKKa and IKKb is able to convert these inducible kinases into constitutively active IkB kinases.
It is currently unclear how the Tax/IKK physical association causes IKK activation. The ®nding that (Smith and Greene, 1990) , whereas Tax(1 ± 214) is Tax mutant containing the N-terminal 214 amino acids. The cells were also transfected with kB-Luc. Luciferase activity was determined and presented as in Figure 1a. (b) In vivo phosphorylation of IkBa by IKK-Tax fusion proteins. 293 cells were transfected (in 24-well plates) with increasing amounts of Myctagged IKKb (lanes 1 ± 4) or Myc-IKKa (11 ± 14) together with increasing amounts of Tax. In lanes 5 ± 10 and 15 ± 20, the wells were transfected with increasing amounts of Myc-IKKb-Tax or Myc-IKKa-Tax chimeras. The cells were also transfected with the HAtagged IkBa (lanes 1 ± 9, 11 ± 19) or the HA-IkBa harboring alanine substitutions at serines 32 and 36 (see Good et al., 1996) that lacks its phosphorylation sites (lanes 10 and 20). In lanes 9 and 19, the cells were treated with MG132 (50 mM) for 2 h before collecting cells for extract preparation. The expression levels of the transfected proteins are determined by immunoblotting using anti-Myc (middle panels, for detecting IKKs and the IKK-Tax chimeras) or anti-Tax (lower panel, for detecting Tax). Phosphorylation of IkBa was detected by immunoblotting using anti-HA (upper panel). The slower migrating band of IkBa represents its phosphorylated form (IkBa-P). A nonspeci®c band is indicated by ns fusion of two Tax mutants (M22 and 1 ± 214) to IKKb fails to induce IKK function suggests that Tax may have multiple eector domains. One hypothesis is that Tax may interact with both IKK and upstream kinases, thereby recruiting an IKK activator to the IKK complex. In support of this hypothesis, Tax has been shown to bind to a potential IKK activating kinase, MEKK1, and this function is not seen with the M22 mutant (Yin et al., 1998) . Thus, by interacting with both MEKK1 and IKK, the wild type Tax may induce the formation of a MEKK1/Tax/IKK trimeric complex, allowing MEKK1 to eciently phosphorylate and activate IKK. Although such a stable complex has not been detected by coimmunoprecipitation assays (data not shown), the possibility for Tax to induce a weak or transient MEKK1/IKK interaction cannot be excluded. As an alternative model, Tax may induce conformational changes in IKK catalytic subunits, which in turn triggers their catalytic activity. In this regard, Tax is known to possess strong self-association (dimerization) activity (Jin and Jeang, 1997; Tie et al., 1996) , a property characteristic of various cellular signaling molecules. Since the M22 mutant has a severe defect in self-association (Tie et al., 1996) , it is suggestive that the strong self-association property of Tax may be required for triggering IKK catalytic activity. Interestingly, we have recently shown that fusion of M22 to full-length IKKg not only allows this Tax mutant to engage IKKa and IKKb but also restores the ability of M22 to stimulate the IKK kinase activity . While the precise mechanism by which IKKg rescues the signaling function of M22 remains to be further studied, one possibility is that IKKg, a coiled-coil protein with strong dimerization potential (Rothwarf et al., 1998) , provides a dimerization function in the IKKg-M22 fusion protein. Indeed, the IKKg-M22 fusion protein readily forms stable homodimers when expressed in 293 cells (data not shown). This result further supports the notion that dimerization of Tax may be required for its function in stimulating IKK activity. Further examination of both of the activation models described above will require in vitro studies using puri®ed Tax, IKK subunits, and MEKK1. Notwithstanding, it is clear that physical interaction between Tax and IKK is a requirement for Tax-mediated IKK activation and that this interaction is modulated by IKKg.
